The present study aimed to compare several methods for quantifying and discriminating between the different physiological states of a bacterial population present in drinking water. Flow cytometry (FCM), solid-phase cytometry (SPC), epifluorescence microscopy (MSP) and culture method performances were assessed by comparing the results obtained for different water samples. These samples, including chlorinated and non-chlorinated water, were collected in a drinking water treatment plant. Total bacteria were quantified by using SYBR Green II (for FCM) and 4 0 ,6 0 -diamino-2phenylindole (DAPI) (for MSP), viable and non-viable bacteria were distinguished by using SYBR Green II and propidium iodide dual staining (for FCM), and active cells were distinguished by using CTC (for MSP) and Chemchrome V6 (for FCM and SPC). In our conditions, counts using microscopy and FCM were significantly correlated regarding total bacteria and active cells. Conversely, counts were not significantly similar using solid-phase and FCM for active bacteria. Moreover, the R2A medium showed that bacterial culturability could be recovered after chlorination. This study highlights that FCM appears to be a useful and powerful technique for drinking water production monitoring.
INTRODUCTION
Microbiological monitoring of drinking water quality has to be suitably accurate to improve decision-making regarding treatment and distribution management. The total bacteria level is routinely controlled using standard detection methods based on a culture requiring several days to obtain a result. This approach is not compliant with regards to health risk active management.
Moreover, as bacteria can be oligotrophic or autotrophic (Wang et al. ) , less than 1% of bacteria found in the environment are culturable. Consequently culture methods may minimize the bacterial concentration present in a sample (Phe et al. ) . These bacterial fractions are called viable but non-culturable (VBNC) and may still present an active metabolism. These bacteria may have the potential to recover proliferation capability when conditions become favourable (Kell et al. ; Vives-Rego et al. ) .
In the environment, bacteria can be damaged or inactivated by several different ways including a lack of nutrients, cell aging, predation by protozoa or even viral lysis. In addition, drinking water processing leads to bacteria removal, stress or injury via physical and chemical treatment. Indeed, these treatments exhibit different impacts on bacterial integ- Gregori et al. ; Manini & Danovaro ) . Regarding the research of bacteria still presenting an active metabolism, membrane potential or enzymatic activity can be highlighted.
DAPI (4 0 ,6 0 -diamino-2-phenylindole) is a DNA-binding molecule (with preferential recognition of the A-T base pair), staining bacteria without distinction of viable or non-viable cells, and it emits a blue fluorescence under UV excitation. The principle of marking the bacteria using SYBR Green II is similar to that using DAPI. Indeed, SYBR Green is a nucleic acid dye capable of entering all cells, regardless of their physiological sate. The main difference lies in the fact that the fluorescence of the molecule is green when excited. Propidium iodide (PI) is a fluorescent nucleic acid dye, intercalating bases without particular affinity for specific sequences and with a stoichiometry of one molecule for 4-5 base pairs. PI is used to indicate that cell wall integrity is intact penetrating only cells presenting injured membranes. For active metabolism highlighting, 5-(and 6)-carboxyfluorescein diacetate (5(6)-CFDA) allows the detection of esterase activity in the bacterium. This non-fluorescent molecule has the ability to penetrate passively and to accumulate in most cells. Once inside, the complex is enzymatically hydrolyzed by non-specific intracellular esterases, giving a fluorescent polar product called carboxyfluorescein. This fluorescent product is maintained only in the cells that have intact plasma membranes. CTC (5-cyano-2,3-ditolyl tetrazolium chloride) is a fluorescent marker for the detection of bacterial respiration through dehydrogenase activity (an enzyme of the respiratory chain). CTC emits a red fluorescence once reduced by the enzymes of the respiratory chain. However, it has been shown that under certain conditions, bacteria do not reduce CTC despite metabolic activity (Servais et al. ) .
Consequently, regarding the wide range of existing physiological states and fluorescent dyes, the design of a single suitable method for bacterial viability assessment is a challenge. In this context, several alternative techniques are available to quantify and estimate bacterial physiological states in a short period of time, as opposed to culture methods. Optical systems coupled with fluorescent dyes specific of a physiological state are commonly used to overcome the problems associated with cultural techniques.
Among them, microscopy and cytometry techniques present several advantages compared with standard methods. Both approaches allow the counting and discrimination of bacterial cells according to their physiological state using different principles or combinations ( Joux & Lebaron ) . 
MATERIALS AND METHODS

Water samples
Environmental samples were collected from a drinking water treatment plant once a week for 5 weeks. At the end of the process, the water underwent the following treatment: after pH adjustment, water was transferred to a disinfection basin for shock chlorination. CT values (concentration × time) were calculated taking into account the contact time in the disinfection basin and the residual chlorine measured at the basin outlet. In addition, the CT value involves a corrective coefficient (hydraulic efficiency) to determine the effective residence time in the basin, which reflects the degree of short-circuit in the basin. Its use ensures that 90% of the treated water was in contact with the disinfectant for the required time. After the shock chlorination, residual chlorine underwent an intermediate dechlorination using sodium bisulfite and the water was transferred to tanks for storage. Water was then dechlorinated a second time and chlorination was performed in order to reach an appropriate concentration residual concentration for distributed water.
The sampling points, including non-chlorinated, highly chlorinated and finished water, were selected in order to assess to what extent the tested techniques enabled quantification of bacteria and to highlight their viability according to different treatments. Water characteristics and treatment information are presented in Table 1 . Each sampling day included samples (in duplicate) collected before (nonchlorinated water) and after (highly chlorinated water) the disinfection basin. Finished water samples were also collected in order to highlight possible bacterial regrowth. All samples were collected in plastic bottles containing sodium thiosulfate in order to neutralize residual chlorine, and were processed within 24 h of sampling.
Flow cytometry
All experiments were performed with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA), equipped with an argon air-cooled laser, providing 15 mW at 488 nm. The applied protocol enables discrimination between non-viable, viable and active bacteria and was adapted from a method initially developed for freshwater and seawater application, described in a previous study (Gregori et Green fluorescence of cells stained with SGII or CV6 dyes was detected in the FL1 channel (530 ± 15 nm) and red fluorescence of cells stained with PI was detected in the FL3 
Statistical analysis
Differences between the data series were assessed by Wilcoxon test. The raw data used for statistical analysis were the bacteria concentration per milliliter in the initial sample. All statistical tests were performed using the XLSTAT software (Addinsoft, New York, USA).
important to note that storage time could have an impact on the results, even if residual chlorine was neutralized using sodium thiosulfate. This is particularly the case regarding culture-based methods as bacteria may lose their ability to grow during a 24-hour period, unlike techniques using vital dyes.
Statistical correlation
In order to rigorously compare the methods that are expected to provide the same information on bacterial physiological states, a statistical test (Wilcoxon test) was applied using counts obtained by FCM, SPC and microscopy ( 
Time to result
In addition to the detection performances, another important aspect is the processing time related to each method to provide data on bacteria physiological state (Table 3) .
FCM is able to acquire four types of information within 1 h regarding physiological states while SPC obtains a piece of information within 2 h 30 min and epifluorescence microscopy provides two kinds of information within 4 h.
Regarding culture methods, time required to obtain colony forming unit counts ranges from 48 h to 11 days, depending on the media and incubation temperature.
DISCUSSION
The aim of the study focused on the comparison of four is very low in nutrients and is incubated for a long period (11 Concerning processing time and data collection, FCM presents a non-negligible advantage as less than 1 h is required to obtain information on bacterial population including total, non-viable, viable and active fractions.
Otherwise, to obtain some of the data, it is necessary to per- • This study allowed the comparison of several methods allowing the assessment of biocide impact on a bacterial population. The chlorination effect on bacterial viability was obviously highlighted in real water samples using FCM.
• The results obtained under our conditions are encouraging. Thus, further work has to be undertaken using the FCM principle to improve and extend this application for the specific detection of other microorganism types such as parasitic protozoa, viruses, or endospores by combining nucleic acid probes, fluorescent antibodies and/or vital dyes.
